Interest in utilizing magnetic nanoparticles (MNP) for biomedical applications has grown considerably over the past two decades. This excitement is driven in large part by the success of MNPs as contrast agents in magnetic resonance imaging (MRI). The recent investigative trend with respect to cancer has continued down a diagnostic path, but has also turned toward concurrent therapy -giving rise to the distinction of MNPs as potential "theranostics". Here we review both the key technical principles of MNPs and the ongoing advancement toward a cancer theranostic MNP. Recent progress in diagnostics, hyperthermia treatments, and drug delivery are all considered. We conclude by identifying current barriers to clinical translation of MNPs and offer considerations for their future development.
Introduction
The beginning of nanotechnology is often attributed to a 1959 talk, entitled "There's Plenty of Room at the Bottom", by renowned physicist Richard Feynman at an American Physical Society meeting held at the California Institute of Technology. In his presentation, Dr. Feynman challenged his audience to consider "manipulating and controlling things on a small scale." Prior to this point in history, little discussion is found on the application of materials in the "nano" size range (or lower). The use of nanotechnology, however, can be traced back several millennia, with examples that include "nanocosmetics" used by ancient Egyptian pharaohs, and nanocrystal-containing hair dyes used by Greeks and Romans [1] . It was also recently discovered that the famous Damascus blades, forged during 1100 to 1700 AD, contained carbon nanotubes and cementite nanowires that imbued them with extraordinary mechanical properties and a sharp cutting edge [2] . Additionally, gold nanoparticles can be found in the stained-glass windows of medieval churches, giving them their colorfully décor [1] . While nanoparticles have been utilized for thousands of years, it is only recently that man has obtained an intricate understanding of these materials and their unique properties. This advancement of knowledge has, today, enabled the production of nanomaterials varying in size, shape, and/or composition [3] .
Nanotechnology strictly encompasses the engineering and utilization of materials having at least one dimension smaller than 100 nanometers. The behavior of particles in this size range cannot be solely described with either classical or quantum mechanics [4] . In a looser sense, the field of nanotechnology seeks to make use of the unique material properties that are displayed by matter sized somewhere between the "molecular" (~ 0.1 nm) and "bulk" (100's of nanometers) thresholds. High surface energies, due to a predominance of atoms located at the particle surface, and quantum effects give rise to unique chemical, physical, and optical properties not observed in materials at other length scales. These distinct properties of nanoparticles have only recently been applied to problems in biomedical research, including cancer. The large surface-to-volume ratio of nanomaterials allows for relatively high loading of different functional ligands on a single platform. Not surprisingly, interest in applying nanoparticles for drug delivery has grown significantly over the past 10 years and includes a rising interest in the use of magnetic nanoparticles (MNP). Marked attention to MNPs can be directly attributed to their unique magnetic properties. Indeed, magnetic functionality has been exploited to render the MNP a dual diagnostic tool (primarily in magnetic resonance imaging -MRI) and targetable drug carrier for therapya so-called "theranostic". In this article, we briefly review recent progress in the development of MNPs for cancer theranostics. We first examine routes of nanoparticle synthesis and the key properties of MNPs that make them attractive for cancer applications. We also discuss the pharmacokinetics and biodistribution of MNPs, in addition to highlighting recent applications under study with respect to cancer diagnosis and therapy. We conclude by examining current challenges for clinical translation of MNPs and offer considerations for the future.
Techniques for synthesis of MNPs
Although materials containing cobalt or nickel have also been investigated, MNPs comprised of an iron-oxide core (usually magnetite -Fe 3 O 4 or maghemite -γ-Fe 2 O 3 ) are the most extensively studied for biomedical applications due to their more favorable toxicity profile. These MNPs are typically coated with a material showing good biocompatibility (e.g. polysaccharide, synthetic polymer, lipid, protein, or silane linker) -a composite morphology often referred to as "core-shell structure" as shown in Figure 1A . Coatings can both stabilize MNPs in physiologic fluids and provide functionality for additional modifications. Several techniques for MNP synthesis have been developed to permit control of particle size and shape. Production routes have been reviewed elsewhere in detail [5] , but a few are briefly discussed here. A common, simple synthesis strategy involves the aqueous precipitation of iron salts, [6] with in situ or post-synthesis addition of coating material. Precipitation within reverse microemulsions has also been successfully executed. While this method does produce MNPs of narrower size distribution over aqueous precipitation, microemulsion is generally beset with low yields [7] . Recently, thermal decomposition of organometallic compounds has gained considerable attention [8] . This technique offers good control over the final particle size, shape, and crystal structure compared to other methods. The reaction, however, occurs in organic solvent containing hydrophobic stabilizers, necessitating additional surface modifications to nanoparticles to impart aqueous stability. It should be noted that MNP size and surface properties (e.g. charge, hydrophobicity) have important implications for nanoparticle behavior including colloidal stability, ease of coupling ligands, and acceptable pharmacokinetic performance. Therefore, a proper tuning of both size and surface character is essential in the development of MNPs as a successful in vivo platform.
Magnetic properties of MNPs
Several forms of magnetism exist in nature, with superparamagnetism appearing to be the mode preferred for MNPs applied to biomedical problems. Superparamagnetism occurs when particles are small enough for thermal fluctuations to cause random flipping of magnetic moments. The randomization in orientation of these magnetic moments results in an average magnetization of zero, in the absence of an applied magnetic field. The characteristic time from one moment-flip to the next is called the Néel relaxation time and is approximated by the Néel-Arrhenius relation in Equation 1: (1) where τ 0 is the time between flip attempts and is typically in the range of 10 −9 -10 −12 s depending on material, K is the magnetic anisotropy energy density, V is the particle volume, k B is the Boltzmann constant, and T is the temperature [9] . From Equation 1, it is observed that the relaxation time decreases, or flipping frequency increases, as the particle size gets smaller. The required size limit to achieve superparamagnetism can vary with material composition, but is typically < 30 nm for iron oxide crystals. Considering this threshold, MNPs with cores larger than 20-30 nm typically consist of clusters of multiple, smaller iron-oxide domains rather than a single, large crystal. Superparamagnetic MNPs are ideal for in vivo use as the presence of attractive forces between neighboring MNPs (from permanent or remnant magnetization) could lead to the formation of large aggregates, which are more easily cleared from circulation (see discussion below) and pose greater risks for vascular embolism. Additional attractive properties of superparamagnetic MNPs include a greater magnetic susceptibility and magnetic saturation, when exposed to an external magnetic field, compared to paramagnetic materials [10] . High magnetic susceptibility is the result of a reorientation of individual, high-magnetization iron oxide crystals responding to the applied field, as illustrated in Figure 1B . As discussed later, the high magnetic susceptibility of MNPs is paramount in their function as imaging agents in MRI.
Pharmacokinetics, biodistribution, and toxicity of MNPs in vivo
In vivo applications of MNPs generally rely on the passive transport of nanoparticles to the intended target via the bloodstream. It is, therefore, important to consider MNP circulation pharmacokinetics when designing MNP-based systems. The two most important factors that determine MNP pharmacokinetics are nanoparticle surface character and hydrodynamic size [11] . Interplay of these properties with the reticuloendothelial system (RES) -the primary physiologic mechanism responsible for nanoparticle clearance from circulation -determines plasma lifetime. In RES clearance ( Figure 2 ), circulating opsonin proteins adsorb to nanoparticle surfaces, which are then recognized and removed from the bloodstream by tissue macrophages. For example, strong interactions with components in plasma and/or on cellular surfaces results in very short circulation times for cationic MNPs [12] . With respect to size, it is generally agreed that nanoparticles of hydrodynamic diameter 10-100 nm are pharmacokinetically optimal for in vivo applications [13] . Nanoparticles smaller than 10 nm are subject to tissue extravasation and renal clearance, whereas those larger than 100 nm are quickly opsonized and eliminated from the circulation via the RES. Rate of clearance, however, can also be reduced by modification of nanoparticle surfaces with coatings that resist RES interactions. Indeed, polyethylene glycol (PEG) has been a hallmark solution to many pharmacokinetic problems, including those for recently developed MNPs [14] [15] [16] [17] . PEG chains linked to nanoparticles ( Figure 1A ) provide steric resistance to opsonization and macrophage uptake processes, permitting prolonged plasma residence. PEG has been primarily applied to nanoparticles possessing hydrodynamic diameters of 10-100 nm, but has also been investigated with particles of greater size [18, 19] . While in vitro studies have shown that PEG-grafted MNPs with diameters > 100 nm could potentially have enhanced circulation properties, such behavior is not often validated with in vivo work. Our recent investigations with larger (170 nm hydrodynamic diameter) PEG-modified MNPs, though, demonstrated that these nanoparticles possessed a circulation half-life of almost 12 hours in a rat, and could be visualized in tumors by MRI through 24 hours ( Figure 3 ) [20] . While the preferred MNP size and surface character depends on the desired target and delivery strategy employed, the independent variation of these two nanoparticle properties can modulate MNP pharmacokinetics to achieve optimal performance. MNPs with longer circulation halflives have greater exposure to target tissues, potentially improving nanoparticle utility.
Biodistribution of MNPs in tissues is also an important consideration, both with respect to the success of targeting and potential for off-target toxicities [21] . While targeting success is dependent on the particular targeting strategy utilized, the majority of administered MNPs often distribute, not surprisingly, in tissues of the RES -most notably in the liver and spleen [21] [22] [23] [24] [25] . In the liver, uptake occurs predominately in Kupffer macrophage cells located in sinusoids, whereas both macrophage and mechanical filtration processes are responsible for distribution in the spleen [13, 25] . Significant accumulation of MNPs in the liver, spleen, and/or other off-target tissues raises important concerns regarding the potential for toxicity. Still, many developed MNPs are well tolerated, with some MNPs showing no measurable median lethal dose (LD 50 ) [26] . Toxicity in tissues, though, is highly dependent on characteristics of the MNP administered, including: synthesis procedures; type and charge characteristics of the coating; purity; toxicity of any attached drug cargo; route of administration, and/or the extent of tissue distribution [25] [26] [27] . Therefore, the multi-variable dependence of toxicity on different MNP properties necessitates thorough toxicological assessment of each new MNP formulation, despite the fact that others (even those similar) may have been previously shown to be non-toxic. Liver functionality tests (LFTs), cytokine detection, histology, lipid hydroperoxide (LHPO -a biomarker for tissue oxidative stress) levels, and blood counts have all been shown useful in assessing toxicity in vivo [16, [22] [23] [24] .
Targeting MNPs to tumors Passive targeting by the enhanced permeability and retention (EPR) effect
Due to their "nano" size, MNPs can be accumulated in many tumor tissues passively via the enhanced permeability and retention (EPR) effect [28] . As shown in Figure 4 , the compromised, "leaky" vasculature characteristic of a solid tumor permits passive extravasation of MNPs from the circulation into the tumor interstitium, where they are retained due to poor lymphatic drainage. Indeed, particles of up to 1 µm in size have been shown to extravasate into the tumor space for some types of cancer [28] . In contrast, endothelial cells of normal tissue vessels are closely packed and present a greater barrier for MNP penetration. This difference in vascular permeability provides a means for tumor selective accumulation of MNPs.
Active, tumor-specific molecular targeting with ligands
Concurrently with the EPR mechanism, active MNP accumulation and retention can be achieved with molecular targeting, a route based on the use of tumor-selective ligands (illustrated in the dashed circle of Figure 4 ). Carefully selected ligands, attached to the MNP surface, specifically bind moieties overexpressed, or uniquely present, on tumor cell plasma membranes. Typically, many identical ligands are coupled to each MNP to enable multivalent binding. Multivalency offers the important advantage of cooperative ligand binding that can significantly strengthen MNP retention at tumor cells [29] . By their attachment to the MNP, other coupled cargoes (including therapeutics which are often limited in targeting ligand loading capacity) can also share the benefits of multivalency phenomena. A variety of targeting ligands have been utilized for MNPs depending on the specific target, and these are reviewed extensively elsewhere [26, 29, 30] . More recently studied ligands, though, include peptides (e.g. chlorotoxin [31] , RGD [32] , lung cancer targeting peptide [33] , CREKA [34] , bombesin [35] , F3 [36, 37] , A54 [38] , LHRH [39] ), antibodies (e.g. Anti-HER2 [40] , Anti-EGFR/EGFRvIII [41, 42] ), and small molecules (e.g. folate [43] ). Molecular targeting has been explored extensively in the development of tumorselective MR imaging agents, showing promise for more therapeutic applications [30] . Attractive macromolecular ligands, though, often require costly synthetic production and complicated chemistries for their attachment to the parent MNP. These limitations certainly make necessary scale-up challenging and could be one major hurdle to advancing these types of agents beyond the laboratory and into the clinical mainstream.
Cellular internalization of nanoparticles may also be desired after targeting, especially in cases where the goal is to deliver anti-tumor agents that exert their effects inside the cell. Several of the previously mentioned molecular targeting ligands can be used to facilitate internalization of MNPs into cells, primarily via endocytosis [29] . Where targeting ligands are not used or are used but do not aid in cellular uptake, highly cationic, cell-penetrating peptides (CPP -e.g. HIV-TAT, MPAP, low molecular weight protamine) or aminated synthetic polymers (e.g. PEI) that ferry their attached cargo into cells have been explored as alternatives [12, 24, [44] [45] [46] . While highly efficient at transporting their cargoes across cell membranes, cationic agents do so non-specifically [47] . The extension of cationic functionality to an MNP can also shorten its plasma residence, as discussed above. Therefore, to ensure tumor selectivity and maintain necessary pharmacokinetics, strategies to modulate cationic activity must be considered when choosing to include this type of material in platform designs.
Active targeting with applied magnetic fields
Unlike other nanocarriers, active targeting of MNPs can also be realized by exploiting their responsiveness to an external magnetic field. Referred to as "magnetic targeting", the gradient (∇ B) produced by an externally applied magnetic field (B) to the tumor region exerts attractive forces on MNPs delivered via the circulation according to Equation 2 [48, 49] : (2) where χ is the magnetic susceptibility of the magnetic core, V c is the volume of the core, and μ 0 is the magnetic permeability of free space. MNP are retained in tumors when the magnetic force is sufficient to overcome hydrodynamic drag forces exerted on the particle by the blood flow [50] . MNPs optimal for magnetic targeting typically consist of a large core (> 100 nm diameter) of multiple, magnetic iron-oxide domains (a structure necessary to maintain superparamagnetism) [51] . Although larger cores provide for greater magnetic force, as suggested by the volume term in Equation 2, particles with large hydrodynamic diameters have been shown to have substantially faster clearance as discussed above, and, thus, possess limited circulation availability for targeting [12] . One possible approach to minimize increase of overall particle size while still improving the particle's magnetic response is to increase the magnetic core size and reduce coating thickness [52] . Such a strategy, though, would certainly have to be balanced against a minimum required amount of coating material.
While a number of tumor models have been studied with magnetic targeting [48] , most recent work appears to be related to brain cancer. We have explored magnetic brain tumor targeting of MNPs extensively, achieving proof-of-concept with starch and polyethyleneimine (PEI) MNPs after unobstructed, intravascular administration [12, 18, 50, 53, 54] . Recently, another group successfully showed the benefit of coupling focused ultrasound (to temporarily compromise the blood-brain-barrier) to magnetic targeting in achieving enhanced, selective MNP delivery to a brain tumor [55] . Brain tumors can be especially hard to target magnetically as they are positioned deep within the skull at distances where the magnetic flux density drops off substantially [55] . Indeed, attenuated gradients pose the greatest translational challenge for this method. Strategies to overcome magnet barriers are currently under study for cell delivery and may also be useful for tumor targeting. These methods include magnetic resonance targeting (using a MRI system magnet as the source) [56] , deeply focused targeting [57] , dynamically controlled magnets [27] , and magnetic implants [58] to produce localized fields.
Theranostics

Cancer diagnostics
Over the past twenty years, MNPs have been studied most extensively as contrast agents in MRI [59, 60] . It is well known that the high magnetic susceptibility of MNP cores provide strong enhancement of transverse (T 2 and T 2 * ) relaxivity in tissue regions where nanoparticles have localized. Strong relaxivity is manifested on T 2 -weighted MR images as pronounced negative contrast (hypointensity). Not surprisingly, MNPs have had their greatest clinical success for use in MRI-based investigations, as shown in Table 1 [27] . Due to their significant deposition in the liver, several approved agents (e.g. Feridex and Resovist) have been used in hepatic imaging [59] . Molecular targeting ligands have been coupled to MNPs to explore extending the MR visibility to imaging of other tumors [30, 59, 61 ], yet wide-spread clinical reports of these agents remains relatively low.
Another growing trend in cancer diagnostics is the use of multi-modal imaging agents, including those based on MNPs. In one respect, MNPs have been linked to other imaging moieties and used to validate MR visualization of nanoparticle accumulation in tumors [14, 24] . Each modality in a multi-modal imaging system, though, has its own strength, weakness, and target purpose [61] . The MR visibility of MNPs is a macroscopic tool, used primarily to obtain anatomical (e.g. tumor size, location) information in oncology. MRI, however, is not readily amendable to intravital confirmation of microscopic information such as cellular internalization of MNPs (if desired), specific cancer type, the success of treatments at the cellular level, or the precise location of tumor boundaries after surgical resection; optical modalities (e.g. fluorescence) would likely better serve this purpose [61] . Indeed, several recently developed MNPs possessing properties conducive to optical imaging have been investigated [14, 24, 62] . Optically active MNPs have been synthesized by linking nanoparticles with fluorescent dyes (Figure 1) or by coating MNPs with other inorganic agents (e.g. gold, quantum dots) that exhibit surface plasmon resonance [63] . Moreover, triple functional agents have also been developed, with a recent example showing combined positron emission tomography (PET), MRI, and fluorescence capabilities [64, 65] . MNPs with multi-modality capabilities could give clinicians a powerful probe to use in both tumor diagnosis and monitoring of intervention efficacy.
Novel MNPs are also emerging as cancer detection agents in diagnostic nuclear magnetic resonance (DMR) [66, 67] . In this approach, MNPs are targeted, via conjugated molecular targeting ligands, to a specific cancer biomarker or an overexpressed surface moiety on cancer cells that reside in biological fluids removed from the body. Several MNPs can bind a single target molecule and, due to multivalency, each MNP can participate in more than one binding event. Such behavior leads to self-assembly of monodisperse MNPs into larger clusters. These larger clusters display enhanced T 2 relaxivity behavior when compared to unbound MNPs, a change detectable by a NMR spectrometer. Microfluidic and microelectronic chips have been developed to conduct such measurements, with substantially enhanced detection sensitivity (>800-fold) over benchtop systems [66] . Moreover, the sensitivity of NMR for bound MNPs also enables measurement of turbid, complex biological fluids. Such capability could significantly lower sample measurement times compared with currently used ex vivo methods that require substantial specimen preprocessing.
Cancer therapy
Magnetic hyperthermia-Magnetic hyperthermia, a cancer therapy unique to MNPs, can be used to selectively kill tumor cells via increases in tissue temperature. The technical principles behind magnetic hyperthermia are reviewed extensively elsewhere [51] . Briefly, MNPs that accumulate at the tumor site are exposed to an alternating current (AC) magnetic field, as illustrated in Figure 5 . Superparamagnetic MNPs absorb this energy and convert it into heat, due to relaxation of rotating magnetic moments induced by the AC field [68] . Tumors are typically heated to 41°C to 47°C, as cancer tissues have been shown to possess higher heat-sensitivity over normal tissues in this temperature range [69] . While magnetic hyperthermia methods are promising, risk for local overheating (thus, damaging normal tissues) remains the major concern for this therapy modality. To address these challenges, next-generation magnetic oxides (e.g. CoFe 2 O 4 , SrFe 12 O 19 /γ-Fe 2 O 3 complexes) have been studied to improve heating efficiency (resulting in dose reductions) and introduce selfregulated temperature controls in MNPs [68, 70] . MNPs that also incorporate thermally responsive agents (e.g. hydrogels, thermosensitive polymers, lipids) that aid in specific nanoparticle tumor retention (and reduce diffusion to healthy tissues) or augment hyperthermia treatments with temperature-released chemotherapy have also been recently explored [69, [71] [72] [73] .
Drug delivery-Indeed, the success of MNPs in MRI has generated considerable excitement for their use as drug delivery vehicles. Nanoparticle coatings provide the anchorpoints to which drug molecules are coupled to MNPs. Therapeutic moieties can be chemically linked to nanoparticles via bioconjugation (either directly or by molecular crosslinkers), complexed via electrostatic/hydrophobic interactions, or encapsulated in the coating. MNP drug delivery systems for cancer therapy have incorporated traditional small molecules (e.g. paclitaxel, doxorubicin, or methotrexate), radiotherapeutics, and photoactivated agents (e.g. Photofrin) [29, 74] . While studies have demonstrated success to some degree with these agents, the specificity and potency of many macromolecular biotherapeutics (peptides, proteins, genes) for cancer targets could result in more effective treatments, with reduced side effects. While highly effective at the tumor target, macromolecular agents typically possess poor plasma pharmacokinetics, low tissue selectivity, and/or poor plasma membrane penetration necessary for access to the cell's internal environment. Carefully tailored MNPs can improve plasma pharmacokinetics, achieve tumor selectivity for these agents, and provide a means for their internalization into cells. MNPs are only beginning to emerge as carriers of macromolecular therapy, though, as reports of successful delivery and tumor response in vivo remain scant. A few notable examples have been published, though, including the successful delivery of survivin small interfering RNA (siRNA) to human colorectal cancer xenografts and the delivery of BIRC5 siRNA against human breast cancer xenografts, both in mice [24, 75] . Moreover, EGFRvIII antibody linked MNPs have been shown to improve survival times in glioma-bearing rats [41, 74] . Successful delivery of chlorotoxin (shown to have anti-infiltrative effects against tumor cells [76] ) conjugated MNPs to brain tumors was reported in mice [31] . Just recently, the combination of chlorotoxin and siRNA on a single MNP platform with gene silencing capabilities was reported in vitro, showing promise for a future brain tumor therapy [46] . Others have had in vivo success against brain tumors in mice utilizing a "string" of MNPs linked to dendrimers (a "dendriworm") and anti-EGFRvIII siRNA [77] .
Challenges for clinical translation and future considerations
The ultimate goal for any cancer theranostic is to achieve an effective treatment of tumors in humans. While significant progress has been made with respect to MNP platforms, significant knowledge and technical gaps continue to prevent their movement from bench to bedside. Among other factors, FDA approval for use in humans requires extensive safety and toxicology study of any newly developed MNP delivery system. This can be a daunting task as the size, shape, composition, surface properties, drug loading, dose, administration route, biodistribution, and pharmacokinetics of the system are all factors that can affect toxicity profiles. Limitations also exist for targeting efficiency, especially with respect to magnetic targeting. For one, we have observed that embolism of blood vessels can occur depending on MNP stability and geometry of the applied magnetic field. While there has been a greater focus in recent years towards understanding potential safety issues from magnetic targeting, most studies continue to be conducted in vitro -rigorous testing has yet to be conducted in vivo [78, 79] . Another important challenge for successful magnetic targeting of MNPs is the need for improved magnetic field gradients. Current technology allows for magnetic capture of MNPs at only short distances away from the magnet sources, which, in humans, can only be effective for superficial tumors (e.g. skin cancer) and not those in deep-seated tissues (e.g. brain). Additionally, a greater focus of the flux gradient is desirable, since the volume between the magnet and target site is also exposed to the field, which could lead to off-target accumulations. Even with successful targeting of any kind, the lack of homogenous penetration of nanoparticles into the tumor volume might also limit therapeutic outcomes. The heterogeneous nature of tumor vasculature, variability in vessel fenestration size and number, combined with diffusion limitations of MNPs through the tumor interstitial space, result in accumulation of nanoparticles in only small, heterogeneously distributed pockets within the tumor. Inadequate delivery of therapeutics to the entire tumor volume is evidenced by the fact that even the most recent efficacy studies only show some reduction in tumor growth rates and not actual remission. The recent use of externally applied forces, such as ultrasound mentioned above, has shown potential to "open up" the tumor for increased MNP penetration after targeting and, thus, potentially better treatment efficacy [55, 80] . While showing some promise, the successful translation of an MNP-based, cancer drug delivery system continues to proceed slowly; likely due to the need for more interdisciplinary cooperation between diverse scientific fields. The expertise of material scientists and chemists is needed for synthesis of nanoparticles and their coatings. Engineering is required to carry out the challenging task of cost-effectively, mass-producing developed materials, while input from physicists is needed for the development of suitable magnetic field gradients for magnetic targeting. Pharmaceutical scientists are required for in vitro and in vivo evaluation of pharmacokinetics, biodistribution, toxicity, and efficacy of the drug delivery system in pre-clinical development. Contributions from clinicians are necessary for planning and executing human trials. Success with MRI and progress over the past few years, however, has offered some glimmers of hope for eventual therapeutic translation of this technology. Indeed, several diagnostic clinical trials using MNPs have been initiated over the past few years as listed in Table 2 . The increasing trend toward in vivo studies in animals and subsequent escalation to clinical trials can be expected to accelerate over the coming years as research institutes develop interdisciplinary centers to address disconnects in the development pipeline. (A) Schematic representation of core-shell structure of MNPs and multi-functional surface decoration. MNPs consist of an iron oxide core coated with a biocompatible material (e.g. polysaccharide, lipid, proteins, small silane linkers). Functional groups on the surface of coatings are often used to link ligands for molecular targeting, cellular internalization, optical imaging, enhanced plasma residence, and/or therapy. The number of different moieties that decorate the MNP surface impart its multi-functional, "theranostic" character. (B) Illustration of superparamagnetic MNP response to applied magnetic fields. MNPs are comprised of rotating crystals that align with the direction of an applied magnetic field. Crystal reorientation provides for the high magnetic susceptibilities and saturation magnetizations observed with this material. The circular dashed lines around the superparamagnetic nanoparticles on the left illustrate the randomization of their orientation, due to temperature effects, in the absence of a magnetic field. Reticuloendothelial system (RES) plasma clearance of MNPs. As shown in the conceptual schematic above, opsonin proteins in the circulation adsorb to nanoparticle surfaces, "flagging" them as exogenous materials for plasma clearance. RES tissue macrophages (primarily those of the liver and spleen) recognize flagged MNPs and remove them from the circulation via phagocytosis. Brain MRI time course of cross-linked starch coated, PEG-modified MNPs in male Fisher 344 rats bearing 9L-glioma brain tumors (12 mg Fe/kg) (Reproduced with permission) [20] . Baseline T 2 -weighted, fast spin echo images clearly indicate the positioning of the tumor (hyperintense region) in the brain. T 2 *-weighted, gradient echo images provide qualitative information about MNP presence in the brain/tumor. Sustained negative contrast (hypointensity) in the tumor confirms that D5 (cross-linked starch coated MNP modified with 5000 MW PEG) and D20 (cross-linked starch coated MNP modified with 20000 MW PEG) reside far longer in plasma and provide greater exposure to tumor when compared to D (unmodified, parent starch MNP). Indeed, some hypointensity can still be observed in tumors through 24 h with the PEGylated MNPs. Conceptual representation of MNP tumor targeting modalities. (A) EPR effect -Unlike that found in normal tissue, tumor vasculature is "leaky" due to fenestrations and gaps between endothelial cells that result from abnormal angiogenesis. MNPs in circulation can passively extravasate through these gaps and enter the tumor interstitium. Poor lymphatic drainage in some tissues helps retain particles in the tumor space. (B) Molecular targeting -ligands (antibodies, peptides, small molecules, etc.) targeted toward moieties overexpressed/ uniquely present on the plasma membrane of tumor cells can be used to actively enhance retention of MNPs at the tumor site and can also help to internalize particles into cells via endocytosis. (C) Magnetic targeting -an external magnetic field can be applied to the tumor region, producing a field gradient across the tumor. The magnetic force produced by the gradient actively attracts particles into the tumor space (through comprised vasculature) and helps with subsequent retention. It should be noted that each form of targeting in the figure can be employed simultaneously depending on the particular strategy utilized.
Figure 5.
Principle of Magnetic Hyperthermia. Magnetic hyperthermia relies on the preferential accumulation of MNPs at tumors compared to normal tissues. Targeted MNPs delivered to the tumor are exposed to an alternating current (AC) magnetic field, causing nanoparticles to absorb energy by increasing alignment (lower entropy state) with the applied field. This energy is then converted to heat when the particles undergo relaxation. Tumors have been shown to possess thermal hypersensitivity, compared to normal tissues, when heated to temperatures ranging from 41-47°C. The concern for overheating normal tissues remains, however, presenting an important limitation to this method. 
